Abstract
INTRODUCTION
Candida albicans is a common human fungal pathogen, which causes mucosal, cutaneous and systemic candidiasis. It also causes systemic infections in immunocompromised individuals or patients undergoing long-term treatment with antibiotics (1) (2) . Side effects of the present treatment regimens for C. albicans and the advent of multidrug resistance (MDR) are problems affecting effi cient therapy against infections caused by C. albicans (3) (4). There is therefore an urgent need to research into alternative agents for the treatment of Candida infections.
In the search for novel antifungal drugs, compounds from natural sources are recognized as safer and more promising alternatives to synthetic agents (5) (6) . It has been suggested in several studies that various natural compounds are effective against C. albicans. Terpenoids are among the largest group of natural compounds in plants, which have been reported to have antioxidant, anticancer, antiparasitic, antiviral, antiallergic, and antimicrobial properties (7) . Terpenoids consist of various compounds such as terpene aldehydes, terpene oxides, terpene esters, terpene alcohols, terpene phenols, terpene ketones, and terpene hydrocarbons, all of which possess antifungal activity. For instance, thymol and carvacrol, which are monoterpene phenols, are effective against the antioxidant system of C. albicans (8) . Recently, the antifungal activity of geraniol, which is a monoterpenoid compound, was established (9) .
Citronellal (Cit) is one of the main constituents of the essential oil from lemongrass (Cymbopogon). Cit is a major isolate from Cymbopogon plants, lemon-scented gum, and lemon-scented tea tree (10) . A preliminary study showed that Cit inhibits the adherence of C. albicans to denture implants (11) ; however, the mechanism of the anticandidal activity of Cit is still unknown. The present study is the fi rst to explore the possible mechanism of action of Cit against C. albicans.
METHODS
Yeast extract peptone dextrose (YEPD), agar, horse serum, ascorbic acid (AA), yeast nitrogen base without amino acid and ammonium sulfate, ammonium sulfate, nutrient broth, and ethidium bromide (EtBr) were purchased from HiMedia (Mumbai, India 
Growth media and strains
The reference strain of Candida albicans used in this study was SC5314. The non-albicans species of Candida used in this study (Candida glabrata, Candida tropicalis, Candida parapsilosis, and Candida krusei) were obtained from diabetic patients suffering from oral candidiasis. DAY185 (12) was the wild type for JRB64 (13) and OCC1.1 (14) , which were the calcineurin signaling mutants for Δcnb1 and Δcrz1, respectively. YAG237 (15) was the mutant CNB1-1/CNB1 having a constitutively expressed hyperactive allele of CNB1. All the strains were cultured in YEPD broth containing yeast extract (1% w/v), peptone (2% w/v), and dextrose (2% w/v). Agar plates were prepared by adding agar (2% w/v) to the media. The cells were freshly revived on YEPD broth and transferred to an agar plate before each study to ensure the revival of the strains. For biochemical assays, Cit (dissolved in DMSO) was used at its subinhibitory concentration (determined from growth curve experiments), which was the concentration at which it partially inhibited the growth of C. albicans (data not shown).
Drug susceptibility assays
Drug susceptibility was evaluated by determining the minimal inhibitory concentration (MIC) of Cit and by conducting spot assays as described below.
MIC determination: minimum inhibitory concentration was determined by the broth microdilution method (M27-A3) described by the Clinical and Laboratory Standards Institute (CLSI) (16) . Briefl y, 100μl of media was placed in each well of a 96-well plate. Cit (250µg/ml) was then added to the remaining media and serially diluted. A 100-μl aliquot of a cell suspension (in normal saline) at an optical density (OD) of 0.1 was added to each well, after which the OD was measured at 600nm (OD 600 ). The OD 600 was measured at 30°C after 48h. The MIC 80 , which is the concentration of Cit that inhibited at least 80% of fungal growth, was then determined.
Spot assay: spot assays were performed as previously described (5) (9) . Briefl y, 5μl of fi vefold serial dilutions of each yeast culture (each with cells suspended in normal saline to an OD 600 of 0.1) was spotted onto YEPD plates in the absence (control) and presence of Cit (0.8, 1, or 1.2mg/ml). Differences in growths were measured after incubating the plates at 30°C for 48h. Phenotypic susceptibilities were estimated using the described spot assay. Cells were spotted onto YEPD plates in the absence (control) and presence of Cit at its subinhibitory concentration (250μg/ml). The spotting was done in the presence of the chemicals (sodium dodecyl sulfate (SDS), ethanol (EtOH), Calcofl uor-white (CW), Congo red (CR), ascorbic acid (AA) and ethidium bromide (EtBr) at the concentrations specifi ed in fi gures 2,3).
Ergosterol quantifi cation
Sterols were extracted using the alcoholic KOH method and the percentage of ergosterol was calculated as previously described (5) (9) . Briefl y, a single C. albicans colony from an overnight YEPD agar plate culture was used to inoculate 50ml of YEPD in the absence and presence of Cit at its subinhibitory concentration. Both ergosterol and 24 (28) dehydroergosterol (DHE) absorb ultraviolet (UV) light at 281.5nm; however, 24 (28) DHE absorbs UV light at 230nm as well. The ergosterol contents of the cell membranes of the fungi were determined by subtracting the amount of 24 (28) A, absorbance at a specified wavelength; F, factor for dilution in petroleum ether; and 290 and 518 are the E values (for ergosterol content) (in percent per centimeter) determined for crystalline ergosterol and 24(28) DHE, respectively.
Proton extrusion activity
The proton pumping activity of Candida albicans was estimated by monitoring the glucose-induced acidifi cation of the external medium due to pH changes (9) . Overnight cultures of C. albicans were grown in YEPD broth at 30°C for 18h on a shaker at 160rpm. The cells were collected by centrifugation at 3,000rpm for 5 min at 4°C and washed with sterile distilled water and 50mM KCl (pH 6.5). The washed cells were resuspended in 40ml of 50mM KCl (pH 6.5) and incubated at 4°C overnight to deplete their carbon reserves. The carbon-starved cells were harvested by centrifugation, after which 1.0g of the wet pellet was resuspended in 40ml of 50mM KCl (pH 6.5). Cit at MIC 80 was then added to the cells to obtain the required concentration and the suspension was mixed well. The volume of the suspension was adjusted to 45ml with 50mM KCl. The cell suspension was incubated at 30°C with gentle stirring for 10 min. Next, 5ml of 20% glucose (fi nal concentration, 55mM) was added to the suspension and the pH of the external medium was monitored every 10 min for 60 min. The experiment was performed in the presence of a comparable concentration of DMSO (control) to measure the extent of acidifi cation of the external medium in the absence of Cit.
Yeast-to-hypha transition
Studies of hyphal induction in Candida albicans were carried out on the following hyphal induction media: spider (1% nutrient broth, 1% mannitol, and 0.2% K 2 HPO 4 ), 10% v/v horse serum, and synthetic low ammonium dextrose (SLAD; 0.17% yeast nitrogen base without amino acids and ammonium sulfate, 2% glucose, 50μM ammonium sulfate, and 2% Bacto Agar). Dimorphic switching was performed using a previously described protocol (9) in the hyphal inducing media such as serum, spider and SLAD media in the absence and presence of Cit at its subinhibitory concentration. Hyphae were observed under a microscope at magnifi cations of 40× and 4× for liquid and solid media, respectively.
Biofi lm formation and cell adhesion
To observe the effect of Cit on biofi lm development and cell adhesion, Candida biofi lms and cell adhesion were checked on the polystyrene surfaces of 96-well plates as previously described (9) . For visualization of biofi lm, crystal violet stain was added (0.05% w/v) to the plates and kept for 1 min, followed by washing the plates three times, and observation under a light microscope at a magnifi cation of 40×. For quantitative assay of the biofi lm, 50μl of Thiazolyl blue (MTT) solution (stock solution containing 5mg/ml, diluted 1:5 in prewarmed 0.15M phosphate-buffered saline (PBS) prior to addition) was added to each well. The plates were then incubated at 37°C for 5h. DMSO (200μl) was added to each well to solubilize the MTT formazan product, after which OD was measured at 450nm. The metabolic activity of biofi lm formation was calculated as a percentage by comparing the drug-free control with the treated cells. For the cell adhesion assay, the same protocol was followed except that the treated and non-treated cells were grown until an OD 600 of 1.0. The non-adhered cells were washed and directly quantifi ed using MTT assay without forming a biofi lm.
Adherence to human oral epithelial cells
Cell adherence assays were performed as previously described (17) but with slight modifi cations. Briefl y, yeast cells were grown on YEPD at 37°C overnight, resuspended in 2ml of sterile PBS (pH 6.8), washed twice by centrifugation at 3,000 rpm for 3 min, and resuspended in spider medium (pH 7.2). The epithelial cells were voluntarily donated by the author via soft scraping of the cheek mucous membrane with sterile cotton swabs. The cells were gently stirred and washed with PBS by centrifugation at 3,000rpm for 3 min. Adherence assays were developed by mixing 1ml of each suspension (epithelial cells and fungal cells) in a test tube, followed by incubation at 37°C in the presence of Cit (250µg/ml) under gentle stirring for 2h. Two control assays, one without Cit and another with epithelial cells pretreated with Cit, were also performed. After incubation, 2 drops of trypan blue solution (0.4%) were added to each tube and the mixtures were gently shaken. Each stained suspension (10μl) was then examined under light microscopy in a Neubauer chamber.
Statistical analysis
Each experiment was performed in triplicate and the results have been reported as mean ± standard deviation (SD). The results were analyzed using Student's t test and statistical signifi cance was considered at p < 0.05.
RESULTS

Antifungal activity of Cit against Candida albicans and non-albicans species of Candida
Data from the broth microdilution assay revealed that Cit showed an antifungal activity against C. albicans at an MIC of 1mg/ml ( Figure 1A) . These results were confi rmed by the data obtained from the spot assay ( Figure 1B) . Similar drug susceptibility assays were performed on C. krusei, C. glabrata, C. parapsilosis, and C. tropicalis. The MIC determined by broth microdilution assay was 1.2mg/ml (Figure 1A) , which was further confi rmed with a spot assay (Figure 1B) .
Cit alters membrane homeostasis independent of cell wall integrity and calcineurin signaling
To fi nd out whether the antifungal mechanism of Cit is associated with any cell membrane disruption, phenotypic susceptibility assays were performed in the presence of SDS and ethanol (EtOH). SDS is a commonly used membrane disrupting anionic detergent. We observed that treatment with Cit led to hypersensitivity of the cells in the presence of both SDS and EtOH, which is suggestive of one mechanism by which Cit damages the cell membrane of C. albicans (Figure 2A) . Further, we estimated the ergosterol level in the presence of Cit. Ergosterol is one of the main components of the cell membrane of C. albicans. We observed a marked decrease (p value < 0.05) in ergosterol levels by more than 50% in the presence of Cit ( Figure 2B) . Next, we determined whether the disrupted membrane homeostasis in the presence of Cit could lead to any reduction in plasma membrane ATPase activity. We observed that Cit signifi cantly (p < 0.05) delayed the glucose-induced reduction in the external medium of C. albicans ( Figure 2C) .
To test whether Cit affects cell wall integrity (CWI), we performed the phenotypic susceptibility assay in the presence of cell wall disrupting agents, namely CW and CR. We observed that the Candida cells were resistant to both CR and CW even in the presence of Cit (Figure 2D) . To rule out the possibility of the indispensability of functional calcineurin signaling in the presence of Cit, we performed spot assays using calcineurin mutants such as Δcnb1 (regulatory B subunit) and Δcrz1, and a calcineurin strain having a hyperactive allele of CNB1. We observed that the growth of C. albicans cells was not affected by any of the tested mutants even in the presence of Cit (Figure 2E ).
Cit induces oxidative and genotoxic stresses
We hypothesized that the mechanism of the antifungal activity of Cit involves inducing oxidative stress. A phenotypic susceptibility assay was performed in the presence of Cit at its MIC 80 value. We observed that cells were hypersensitive to Cit; however, upon the addition of AA, which is an antioxidant, the observed hypersensitivity was alleviated ( Figure 3A) . We further tested whether oxidative stress due to Cit has any effect on the deoxyribonucleic acid (DNA) repair machinery. A phenotypic susceptibility assay was conducted by growing cells in the presence of EtBr, which is a DNA-damaging agent, at a concentration that does not induce remarkable growth defects, which suggests that the DNA repair machinery is intact. 
A B
We observed hypersensitivity in the Cit-treated cells, which suggests that there may be some defects caused by Cit in the DNA repair machinery ( Figure 3B ).
Cit disrupts virulence traits
Yeast-to-hyphae transition: the effect of Cit on the hyphal morphogenesis of C. albicans was tested in the absence and presence of Cit. Hyphal morphogenesis is an important virulence trait in fungi. We found that Cit effi ciently inhibited morphological switching of Candida albicans in various hyphae-inducing media (Figure 4A) , which confi rms that Cit is a potent inhibitor of yeast-to-hypha transition.
Biofilm formation: biofilm formation was visualized qualitatively by crystal violet staining in the absence (control) and presence of Cit. We observed that biofilm formation was diminished in presence of Cit as depicted in Figure 4B . Inhibited biofi lm formation was further validated quantitatively by performing an MTT assay, which corresponded well with 
Effect on ROS
A the results from the crystal violet staining. Biofi lm formation was considerably (p < 0.05) inhibited in C. albicans by more than 50% in the presence of Cit ( Figure 4B ).
Cell adhesion to polystyrene surface and human oral epithelial cells: we observed that cell adherence was signifi cantly (p < 0.05) reduced by more than 50% on a microtiter polystyrene plate in the presence of Cit (Figure 4C) . In order to confi rm this, an adherence assay was performed using human oral epithelial cells with trypan blue dye. Figure 4C shows that C. albicans treated with Cit presented a normal morphology with few or no adherence to the epithelial cells. In the control experiment, C. albicans appeared adhered to the epithelial cells, with only a few free cells in the culture medium. 
DISCUSSION
In this study, we showed that Cit has a potent antifungal activity against C. albicans. We also tested the effi ciency of Cit against other Candida species. Our fi ndings confi rmed that Cit is equally effective against both albicans and non-albicans species of Candida (Figure 1) . Interestingly, we did not observe any appreciable susceptibility of C. tropicalis to Cit, which suggests that C. tropicalis may have intrinsic resistance to Cit.
Many antifungal drugs such as azoles, polyenes, allylamines, and echinocandins target the cell membrane or cell wall of C. albicans (18) (19) . The membrane-perturbing effect of Cit that observed in the present study was due to hypersensitivity to SDS and EtOH (Figure 2A) . This prompted us to further examine the fungal membrane composition closely. Our data showed that Cit caused a decrease in ergosterol levels ( Figure 2B) ; however, whether the decreased ergosterol level was the causal factor of a faster entry of Cit across the fungal membrane remains to be validated. A functional plasma membrane ATPase activity is normally required to maintain pH equilibrium across the plasma membrane. When fungal cells are starved of a carbon source (e.g. glucose), they tend to take up glucose through a proton motive force upon their exposure to a glucose-containing medium. The proton motive force is generated by a proton gradient created by the pumping of intracellular protons out of the cell. This change results in acidifi cation of the external medium due to the change in pH (20) . Our results confi rmed that there was an interruption in the pumping of protons to the external medium in the Cit-treated Candida cells (Figure 2C) , which reinforced the hypothesis that Cit tampers with membrane homeostasis.
The CWI regulates key cellular responses that are important for survival after the exposure of cells to antifungal drugs that target the cell wall and phenocopies compromised calcineurin signaling (21) . Moreover, calcineurin signaling governs responses such as membrane stress in C. albicans (15) . Thus, the membranedamaging effect of Cit observed in this study and the existence of a crosstalk with CWI necessitated to confi rm any defect in calcineurin signaling due to Cit. However, based on the above observations ( Figure 2D and Figure 2E ) it can be hypothesized that the antifungal activity (membrane-damaging effect) of Cit is independent of the cell wall and the calcineurin signaling pathway.
Enhanced oxidative stress leads to the production of reactive oxygen species (ROS) in cells. ROS production is among the dominant mechanisms by which natural compounds cause cell damage in Candida species (22) . For instance, monoterpene phenols like thymol and carvacrol increase ROS production in C. albicans, which negatively affects the antioxidant system of the fungus (8) . Similarly, retigeric acid B, which is a triterpene acid isolated from Lobaria kurokawa, exerts its antifungal effect against C. albicans through enhanced ROS production (23) . Naphthoquinoidal compounds also exert their effects against Candida species potentially via an increased intracellular ROS production (24) . Therefore, we investigated whether Cit induces oxidative stress in C. albicans. The test was conducted in the presence of AA. Our results indicated that the antifungal action of Cit might be associated with an enhanced production of ROS ( Figure 3A) . ROS production due to oxidative stress leads to DNA damage and a defective repair machinery (25) . Hence, the effect of Cit on DNA repair was tested in the presence of EtBr to confi rm if Cit targets DNA repair ( Figure 3B) . However, in order to conclude that Cit affects DNA repair machinery in C. albicans, further studies would be required.
Hyphal morphogenesis, biofilm formation, and cell adherence are potential virulence attributes of C. albicans that govern pathogenicity. C. albicans undergoes yeast-to-hyphae transition, which is an important virulence factor for the pathogenicity of C. albicans (26) . Terpenoids are known to inhibit this yeast-to-hypha transition (9) (27) . Similarly, cells of Candida species form biofi lms on indwelling devices, which is the major cause of hospital acquired Candida infections (28) . Biofi lms are highly resistant to antifungals and are therefore a signifi cant trait for virulence. Biofi lms consists of extracellular matrix composed of enclosed microcolonies of yeasts and hyphae, which are arranged in a bilayer structure. The inhibitory effect of Cit on yeast-to-hypha transition that was observed in the present study (Figure 4A) , as well as functional hyphal morphogenesis being a prerequisite for biofi lm formation (29) led us to examine the effect of Cit on biofi lm formation ( Figure 4B) . We therefore tested whether Cit inhibits biofi lm formation and whether it affects the adhesion of Candida cells to polystyrene surface and human oral epithelial cells. The adhesion of cells to a substrate is the foremost process in biofi lm formation (29) . We observed a reduced in-vitro adhesion (Figure 4C) of Candida cells to a polystyrene surface. This prompted us to assess the adherence of the Candida cells to human oral epithelial cells (Figure 4C) , which is required for the pathogenicity of Candida species in oral candidiasis (17) .
Taken together, the data obtained from our study clearly depict Cit, with its diverse modes of action, as a promising antifungal agent. Therefore, the antifungal activity of Cit needs to be further explored and validated by conducting more research on it.
